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$OFRSSHU&XDQGQLFNHO1L;XHWDO,WLVDOVRDSSOLHGWRMRLQPXOWLOD\HUGLVVLPLODUPHWDOV
ZLWKYDU\LQJVKHHWWKLFNQHVVHV
7KHSHUIRUPDQFHRIXOWUDVRQLFVSRWZHOGLQJKDVEHHQH[WHQVLYHO\VWXGLHGIRUEDWWHU\WDEMRLQLQJLQ
UHFHQW\HDUV/HHHWDOFRQGXFWHGDWKRURXJKH[SHULPHQWDODQDO\VLVRIXOWUDVRQLFVSRWZHOGLQJRI
FRSSHUEDWWHU\WDEVDQGGHILQHGVHYHUDONH\ZHOGDWWULEXWHVLHERQGGHQVLW\SRVWZHOGWKLFNQHVVZHOG
QXJJHWVL]HDQGWKHUPRPHFKDQLFDOO\DIIHFWHG]RQHVL]HWRGHWHUPLQHWKHZHOGTXDOLW\7KHLUVWXG\DOVR
UHYHDOHG WKDW WKH UHVXOWDQW PLFURVWUXFWXUH DQG PDWHULDO VWUHQJWK RI WKH ZHOG KLJK GHSHQGHG RQ WKH
ZHOGLQJSURFHVVSDUDPHWHUV/HHHWDO H[SHULPHQWDOO\ LQYHVWLJDWHG WKHSHUIRUPDQFHRIPXOWL
OD\HUXOWUDVRQLFZHOGE\MRLQLQJIRXUFRXSRQVRI&XZLWKYDULRXVWKLFNQHVVHV$KLJKVSHHGLPDJLQJ
WHFKQLTXHZDVXVHGWRFDSWXUHWKHGLVSODFHPHQWRIKRUQDQGGLIIHUHQWFRXSRQVIRUXOWUDVRQLFZHOGLQJ
XVLQJGLIIHUHQWNQXUOLQJWRROV7KHHIIHFWRIYLEUDWLRQRQZHOGIRUPDWLRQIURPWRSWRERWWRPOD\HUVZDV
LQYHVWLJDWHGIURPWKHDQDO\VLVZKLFKFRQFOXGHGWKDWZHOGTXDOLW\GHWHULRUDWHVIURPWRSWRERWWRPOD\HUV
GXHWROHVVKHDWJHQHUDWLRQDWWKHLQWHUIDFHVRIERWWRPOD\HUV:XHWDOLQYHVWLJDWHGWKHZHOGLQJ
DQGIDLOXUHPHFKDQLVPRIWKH$O&XXOWUDVRQLFZHOGLQJXVLQJWKHPHFKDQLFDOWHVWLQJDQGPLFURVWUXFWXUDO
DQDO\VLV2QOLQHPRQLWRULQJV\VWHPZDVGHYHORSHGXVLQJZHOGLQJSRZHUDQGKRUQGLVSODFHPHQW/HHHW
DO7KHZHOGTXDOLW\ZDVHYDOXDWHGLQWHUPVRISRVWZHOGWKLFNQHVVDQGERQGGHQVLW\EDVHGRQ
WKHRQOLQHVLJQDOVIRUSURFHVVFRQWURO=KDRHWDOGHYHORSHGDIDWLJXHOLIHF\FOHPRGHOWRSUHGLFW
WKHOLIHRI$O&XXOWUDVRQLFZHOGWDEMRLQWVE\PRQLWRULQJHOHFWULFDOUHVLVWDQFH7KHPHFKDQLFDOUHVSRQVH
RIWKH&XRU$O&XWDEVDQGXOWUDVRQLFZHOGLQJV\VWHPZHUHVWXGLHGWRXQGHUVWDQGLWVHIIHFWVRQWKHZHOG
TXDOLW\DQGWRUHGXFHHQHUJ\ORVV.DQJHWDODE
&RQVLGHUDEOHUHVHDUFKHIIRUWVKDYHDOVREHHQGHYRWHGWRFKDUDFWHUL]HWKHWKHUPDOILHOGLQWKHZHOG
]RQH 7KH WKHUPDO FRQWDFW FRQGXFWDQFH EHWZHHQ WKLQPHWDO VKHHWV ZDV GHWHUPLQHG DV D IXQFWLRQ RI
FRQWDFWSUHVVXUH&KHQHWDO7KHUHDOWLPHWHPSHUDWXUHDQGKHDWIOX[FKDQJHKDYHEHHQPHDVXUHG
DQGPRQLWRUHGQHDUWKHZHOG]RQHXVLQJWKLQILOPWKHUPRFRXSOHV=KDRHWDODQGWKLQILOPPLFUR
VHQVRUV /LHWDO'LIIHUHQWZHOG IRUPDWLRQVZHUHVWXGLHGIRUYDULRXVZHOGLQJ WLPHGXUDWLRQV
IURPVHFWRVHF%DVHGRQWKHKLVWRU\RIKHDWIOX[FKDQJHUDWH/LHWDOSURSRVHGDERQGLQJ
PHFKDQLVPIRUXOWUDVRQLFZHOGLQJFRQVLVWLQJRI WKUHHFRQWLQXRXVVWDJHVZLWKLQRQHRSHUDWLRQZKLFK
ZHUHILUVWO\IULFWLRQKHDWLQJWKHQERQGLQJE\SODVWLFZRUNDQGILQDOO\GLIIXVLRQERQGLQJ
0DWHULDOV RIWHQ GHPRQVWUDWH D VLJQLILFDQW VRIWHQLQJ SKHQRPHQRQ XQGHU XOWUDVRQLF ORDGLQJ 7KH
VRIWHQLQJ HIIHFW GXULQJ XOWUDVRQLF VSRW ZHOGLQJ LV FRQVLGHUHG LQ WZR PDLQ PHFKDQLVPV RI WKHUPDO
VRIWHQLQJDQGDFRXVWLFVRIWHQLQJ7KHUPDOVRIWHQLQJLVDWWULEXWHGWRWKHIULFWLRQDOKHDWJHQHUDWLRQIURP
WKHKLJK IUHTXHQF\ YLEUDWLRQ7KH WKHUPDO HQHUJ\ LV XQLIRUPO\ DEVRUEHGE\ WKHPHWDOPDWHULDO7KH
DFRXVWLF VRIWHQLQJ FRQWULEXWHVPRUH RQ WKH IORZ VWUHVV UHGXFWLRQ7KH DFRXVWLF HQHUJ\ JHQHUDWHG E\
XOWUDVRQLF VRQRWURGH LV WUDQVPLWWHG WR WKHPHWDO DQG ORFDOO\ DEVRUEHG DW GHIHFWHG FU\VWDO ODWWLFH HJ
YDFDQFLHVGLVORFDWLRQVDQGJUDLQERXQGDULHV/DQJHQHFNHU$VDUHVXOWWKHDFWLYDWLRQHQHUJ\RI
WKHGLVORFDWLRQOLQHPRYHPHQWLVFRQVLGHUDEO\UHGXFHG/DQJHQHFNHU7KHLQFUHDVHGPRELOLW\RI
GLVORFDWLRQVGUDVWLFDOO\DWWHQXDWHVWKHZRUNKDUGHQLQJVRIORZVWUHVVFDQEHH[WUHPHO\UHGXFHG
1XPHULFDOPRGHOLQJVWXGLHVKDYHEHHQDWWHPSWHGWRPRGHOWKHWKHUPRPHFKDQLFDOFRXSOLQJHIIHFW
GXULQJ XOWUDVRQLF VSRW ZHOGLQJ (ODQJRYDQ HW DO  GHYHORSHG D WZRGLPHQVLRQDO ' ILQLWH
HOHPHQW )(PRGHO IRUXOWUDVRQLFZHOGLQJRIGLVVLPLODUPDWHULDOV ,Q WKHLUPRGHO WKHHIIHFWLYHKHDW
JHQHUDWLRQWHUPVZHUHDGRSWHGIURPDSUHYLRXVVWXG\'H9ULHVIRUPRGHOLQJKHDWJHQHUDWLRQ
GXH WR GHIRUPDWLRQ DQG IULFWLRQ XQGHU XOWUDVRQLF YLEUDWLRQ' /HH HW DO  GHYHORSHG D WKUHH
GLPHQVLRQDO ' WKHUPRPHFKDQLFDO )( PRGHO DQG XVHG D FRPELQHG H[SOLFLWLPSOLFLW PXOWLVWHS
QXPHULFDODSSURDFKWRSUHGLFWXOWUDVRQLFVSRWZHOGLQJRIPXOWLVKHHWGLVVLPLODUPDWHULDOV$ODQG&X
+RZHYHU WKH DFRXVWLF VRIWHQLQJ HIIHFW RQ PDWHULDO IORZ VWUHVV XQGHU XOWUDVRQLF ORDGLQJ ZDV QRW
FRQVLGHUHGLQWKHVHDIRUHPHQWLRQHGVWXGLHV
6LGGLT DQG *KDVVHPLHK  GHYHORSHG D PDWHULDO SKHQRPHQRORJLFDO FRQVWLWXWLYH PRGHO WR
FRQVLGHUWKHDFRXVWLFVRIWHQLQJHIIHFWLQWKHFRPELQHGLVRWURSLFNLQHPDWLFKDUGHQLQJPRGHOXQGHUF\FOLF
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
ORDGLQJ 7KLV PRGHO ZDV VXFFHVVIXOO\ LPSOHPHQWHG LQ D ' WKHUPRPHFKDQLFDO )( PRGHO IRU DQ
XOWUDVRQLFVHDPZHOGLQJSURFHVVRI$ODOO\XVLQJDVRQRWURGHZLWKVPRRWKF\OLQGULFDOVXUIDFH7KH
WHPSHUDWXUHGHSHQGHQW IULFWLRQ FRHIILFLHQW ZDV FDOLEUDWHG DQG DSSOLHG WR SUHGLFW WKH IULFWLRQDO KHDW
JHQHUDWLRQXQGHUXOWUDVRQLFYLEUDWLRQ6LGGLTHW DO DSSOLHG WKLVQXPHULFDO DSSURDFK WRPRGHO
XOWUDVRQLFVHDPZHOGLQJRI$ODOO\DQGLQYHVWLJDWHGWKHHIIHFWVRIYDULRXVSURFHVVSDUDPHWHUVVXFK
DVDSSOLHGORDGXOWUDVRQLFYLEUDWLRQDPSOLWXGHDQGWRROYHORFLW\RQZHOGPDWHULDOUHVSRQVH6LGGLTDQG
6D\HGIXUWKHUSURSRVHGDPLFURPHFKDQLFVEDVHGFU\VWDOSODVWLFLW\PRGHOE\LQFRUSRUDWLQJWKH
SKHQRPHQRORJLFDODFRXVWLFVRIWHQLQJWHUPDQGVLPXODWHGWKHXOWUDVRQLFDVVLVWHGGHIRUPDWLRQRIERWK
VLQJOHFU\VWDOOLQHDQGSRO\FU\VWDOOLQH$OPDWHULDOV:LWKWKLVPRGHOGHYHORSPHQWWKHZRUNSLHFHPDWHULDO
WH[WXUDO FKDQJH ZDV VLPXODWHG IRU XOWUDVRQLF FRQVROLGDWLRQ DW VXEPLFURQ VFDOH 6LGGLT DQG 6D\HG

'LIIHUHQWIURPXOWUDVRQLFVHDPZHOGLQJXVLQJDVPRRWKF\OLQGULFDOVRQRWURGHIRUXOWUDVRQLFVSRW
ZHOGLQJRIEDWWHU\WDEVDVRQRWURGHDQGDQDQYLOZLWKGLDPRQGNQXUOSDWWHUQVDUHXVHGWRVLJQLILFDQWO\
HQKDQFH WKH ZHOGLQJ SURFHVV FDSDELOLW\ 'XULQJ WKH SURFHVV ZHOG IRUPV IURP FRPSUHVVLRQ DQG
XOWUDVRQLFLQSODQHVOLGLQJRIWKHGLDPRQGNQXUOLQJWRROZKLFKLQGXFHVVHYHUHSODVWLFGHIRUPDWLRQ63'
LQWKHZRUNSLHFHPDWHULDO([SHULPHQWDOUHVXOWVRIXOWUDVRQLFVSRWZHOGLQJIURP/HHHWDOVKRZHG
FRPSOH[FRXSOLQJHIIHFWVDPRQJPHFKDQLFDOGHIRUPDWLRQKHDWWUDQVIHUDQGPLFURVWUXFWXUHFKDQJHIRU
YDULRXVZHOGLQJWLPHGXUDWLRQV7KHLUVWXG\UHYHDOHGWKHPDWHULDOPLFURVWUXFWXUHXQGHUZHQWGLIIHUHQW
HYROXWLRQURXWHVZLWKYDU\LQJWKHUPDODQGGHIRUPDWLRQKLVWRULHV7KHUHLVDJUHDWFKDOOHQJHLQPRGHOLQJ
VXFKDPHWDOORWKHUPRPHFKDQLFDOFRXSOHGSURFHVVXQGHUXOWUDVRQLFYLEUDWLRQ7KHDYDLODEOHQXPHULFDO
DSSURDFKHV LQ OLWHUDWXUHDUHQRWFDSDEOH WRVLPXODWH WKHFRPSOH[ZHOGIRUPDWLRQDQGPLFURVWUXFWXUDO
HYROXWLRQIRUWKHXOWUDVRQLFVSRWZHOGLQJSURFHVV
2XU SUHVHQW VWXG\ LV WR GHYHORS D SUHGLFWLYH PHWDOORWKHUPRPHFKDQLFDOO\ FRXSOHG PRGHO WR
VLPXODWH VHYHUH SODVWLF GHIRUPDWLRQ DQG PLFURVWUXFWXUDO FKDQJH GXULQJ WKH XOWUDVRQLF VSRW ZHOGLQJ
SURFHVV IRUEDWWHU\ WDEV0XOWLSOH'FRXSOHG WKHUPRPHFKDQLFDO)(VLPXODWLRQVDUHFRQGXFWHGZLWK
'()250 WRVLPXODWH WKHGHIRUPHGZHOGVKDSHDQG WHPSHUDWXUHFKDQJHDIWHUGLIIHUHQWSURFHVV
GXUDWLRQV 7KH PLFURVWUXFWXUDO HYROXWLRQ DQG WKH PLFURKDUGQHVV FKDQJH DUH SUHGLFWHG XVLQJ D SRVW
SURFHVVLQJXVHUURXWLQH

 3ULQFLSOHRI8OWUDVRQLF:HOGLQJ
7KH SULQFLSOH RI WKH XOWUDVRQLF ZHOGLQJ LV
GLVFXVVHG EDVHG RQ D V\VWHPDWLF H[SHULPHQWDO
VWXG\ FDUULHG RXW E\ /HH HW DO  ,Q WKHLU
H[SHULPHQWDOVWXG\RIXOWUDVRQLFZHOGLQJIRUWDE
EXV MRLQLQJ LQ DXWRPRWLYH EDWWHU\ FHOO WZR
&&XVKHHWV SXUHZHUH MRLQHGE\
DQ$P7HFK8OWUDZHOG/KLJKSRZHUZHOGHU
ZLWKDPD[LPXPRXWSXWHOHFWULFSRZHURIN:
7KHWRSDQGERWWRPVKHHWVZHUHDQGPPLQ
WKLFNQHVV UHVSHFWLYHO\ 7KH ERWWRP VKHHW ZDV
SODWHG E\ D WKLQ 1L OD\HU a ȝP WKLFN 7KH
XOWUDVRQLF YLEUDWLRQ ZDV LPSOHPHQWHG LQ WKH
ZRUNSLHFHWUDQVYHUVHGLUHFWLRQZLWKDQDPSOLWXGH
RI  ȝP DW  N+] IUHTXHQF\ 7KH FODPSLQJ
IRUFHZDVDSSOLHGDORQJWKHYHUWLFDOGLUHFWLRQDQG
YDULHG IURP  WR  SVL0XOWLSOH H[SHULPHQWV
ZHUHSHUIRUPHGIRUGLIIHUHQWZHOGLQJWLPHIURP
WRVHF'LIIHUHQWNQXUODQGDQYLOSDWWHUQV
ZHUH DSSOLHG LQ WKHLU H[SHULPHQWV $OO WKH
H[SHULPHQWDOSDUDPHWHUVZHUHOLVWHGLQ7DEOH
7DEOH([SHULPHQWDOFRQGLWLRQV/HHHWDO
7RROGHVLJQ &RDUVHGHVLJQDQGILQHGHVLJQ
0DWHULDOV &&XWDE1LSODWHG&&XEXV
&RXSRQWKLFNQHVV
PP
PPWDE
PPEXV
/RDGSVL 
9LEUDWLRQ
DPSOLWXGHȝP 
)UHTXHQF\N+] 
:HOGLQJWLPHVHF 
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
7KHZHOGMRLQWPLFURVWUXFWXUHZDVH[DPLQHGQHDUWKHMRLQWLQWHUIDFH7KHDVUHFHLYHGVKHHWVZHUH
UROOHGDQGDQQHDOHGEHIRUHWKHZHOGLQJH[SHULPHQWVZKLFKKDGHTXLD[HGJUDLQVIRUERWKWRSDQGERWWRP
FRXSRQV DV VKRZQ LQ )LJ D )LJ EI H[DPLQH WKH PLFURVWUXFWXUHV REWDLQHG DIWHU XOWUDVRQLF VSRW
ZHOGLQJZLWKYDU\LQJZHOGLQJWLPHGXUDWLRQVREVHUYHGE\66/HHHWDO,WFDQEHUHFRJQL]HG
WKDWWKHPDWHULDOPLFURVWUXFWXUHXQGHUZHQWGLIIHUHQWHYROXWLRQURXWHVDVWKHZHOGLQJWLPHLQFUHDVHG)RU
DVKRUWZHOGLQJWLPHRIVHFDJUHDWDPRXQWRIHORQJDWHGJUDLQVFDQEHVHHQLQ)LJERQERWKVLGH
RIWKHMRLQWLQWHUIDFH$VWKHZHOGLQJWLPHLQFUHDVHGWRVHFWKHHORQJDWHGJUDLQVEHFDPHGLVVROYHG
DQGQHZO\IRUPHGVWUDLQIUHHOLNHILQHJUDLQVFDQEHVHHQLQ)LJF6LPLODUPLFURVWUXFWXUHZLWKQHZO\
IRUPHGILQHJUDLQVQHDUWKHZHOGLQWHUIDFHZDVDOVRREVHUYHGDIWHUDVHFXOWUDVRQLFVSRWZHOGLQJRI
$ODOOR\XQGHUDVLPLODUXOWUDVRQLFORDGLQJFRQGLWLRQ%DNDYRVDQG3UDQJQHOO,Q)LJG
ILQHHTXLD[HGUHFU\VWDOOL]HGJUDLQVZHUHIRUPHGZLWKYHU\FOHDUJUDLQERXQGDULHVLQPRVWDUHDRIWKH
VSHFLPHQFURVVVHFWLRQDIWHUVHFZHOGLQJ$VWKHZHOGLQJWLPHLQFUHDVHGWRVHFFRDUVHJUDLQV
ZHUHPDLQO\ VHHQ LQ WKHVSHFLPHQVDVVKRZQLQ)LJHI ,QDGGLWLRQDXQLIRUPPLFURVWUXFWXUHZDV
IRUPHGXQGHUWKHVHWZRFRQGLWLRQVZKLOHWKHGLIIHUHQFHDFURVVWKHZHOGLQWHUIDFHZDVREYLRXVIRUWKH
VKRUWHUZHOGLQJGXUDWLRQV


)LJ0LFURVWUXFWXUHDIWHUYDULRXVZHOGLQJWLPHGXUDWLRQVDRULJLQDOPLFURVWUXFWXUHEHIRUHZHOGLQJEVHFF
VHFGVHFHVHFIVHF7KHRULJLQDOLPDJHVZHUHDGRSWHGIURP66/HHHWDO

7KH JUDLQ VL]H ZDV PHDVXUHG VHSDUDWHO\ IRU WKH WRS DQG ERWWRP FRXSRQV XVLQJ WKH RSWLFDO
PLFURJUDSKVIRUDOOWKHVSHFLPHQV)LJVKRZVWKHPHDVXUHGDYHUDJHJUDLQVL]HIURPERWKVLGHVRIWKH
ZHOGOLQH7KHJUDLQVL]HRIWKHDVUHFHLYHGPDWHULDOZDVDOVRPHDVXUHGILQHUJUDLQVRIPZHUH
REVHUYHGLQWKHWKLQQHUWRSFRXSRQZKLOHWKHWKLFNHUERWWRPFRXSRQKDGDJUHDWHUJUDLQVL]HRI
P6LJQLILFDQWJUDLQUHILQHPHQWZDVREVHUYHGDIWHUVHFZHOGLQJ$IWHUDZHOGLQJWLPHRI
VHF WKH JUDLQ VL]H RI DERXW  PZDV REWDLQHG $V WKH ZHOGLQJ WLPH LQFUHDVHG WR DERYH  VHF
VLJQLILFDQWJUDLQJURZWKWRPRFFXUUHG$IWHUZHOGLQJWLPHRIVHFDVPDOOJUDLQVL]HRIP
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
ZDVPHDVXUHGLQWKHWRSFRXSRQZKLOHDELJJUDLQVL]H
RIPZDVIRXQGLQWKHERWWRPFRXSRQ+RZHYHU
WKLV GLIIHUHQFH LQ JUDLQ VL]H EHWZHHQ WKH WRS DQG
ERWWRP FRXSRQV VWDUWHG WR GLPLQLVK GXULQJ JUDLQ
JURZWKXQGHUDORQJHUZHOGLQJWLPHGXUDWLRQ
)LJ  VKRZV WKH PLFURKDUGQHVV DW GLIIHUHQW
ORFDWLRQVRQ WKH FURVVVHFWLRQHGRIZHOG MRLQWV IURP
WKHVH H[SHULPHQWV 7KH PLFURLQGHQWDWLRQ KDUGQHVV
WHVWVZHUHSHUIRUPHGRQWKH\HOORZVSRWV$VODEHOHG
LQ )LJ  YDOOH\ LV GHQRWHG DV WKH PRUH SODVWLFDOO\
GHIRUPHGGRPDLQXQGHU WKH WLSRI WKHNQXUOLQJ WRRO
ZKLOH WKH SHDN LV WKH OHVV GHIRUPHG GRPDLQ
6LJQLILFDQW KDUGQHVV LQFUHDVHV FDQ EH REVHUYHG IRU
VSHFLPHQVPDGHIURPDVKRUWZHOGLQJWLPHGXUDWLRQRI
 VHF HVSHFLDOO\ DW WKH YDOOH\V $V ZHOGLQJ WLPH GXUDWLRQ LQFUHDVHG IURP  VHF WR  VHF WKH
PLFURKDUGQHVVDWWKHYDOOH\VGUDVWLFDOO\GHFUHDVHG,WEHFDPHHYHQORZHUWKDQWKHRULJLQDOYDOXHZKHQ
ZHOGLQJWLPHGXUDWLRQLQFUHDVHGWRVHF)LJDOVRVKRZVWKHPLFURKDUGQHVVRIZHOGMRLQWYDULHGDW
GLIIHUHQWORFDWLRQVGXHWRGLIIHUHQWSODVWLFGHIRUPDWLRQ)RUDVKRUWZHOGLQJWLPHGXUDWLRQOHVVWKDQ
VHFWKHPRUHGHIRUPHGYDOOH\KDVDPXFKKLJKHUPLFURKDUGQHVVWKDQWKDWRIWKHSHDNV+RZHYHUDV
WKH ZHOGLQJ WLPH LQFUHDVHG WKH GLIIHUHQFH LQ PLFURKDUGQHVV EHWZHHQ WKH PRUH DQG OHVV GHIRUPHG
GRPDLQVZDVVLJQLILFDQWO\UHGXFHGRUHYHQGLPLQLVKHG7KHPLFURKDUGQHVVFKDQJHZDVFDXVHGE\WKH
FRPELQHGHIIHFWRI WKHZHOGLQJWLPHVHYHUHSODVWLFGHIRUPDWLRQDVZHOODVPLFURVWUXFWXUDOHYROXWLRQ
GXULQJXOWUDVRQLFZHOGLQJ


)LJ+DUGQHVVPHDVXUHPHQWRIWKHMRLQWVDWGLIIHUHQWORFDWLRQVZLWKGLIIHUHQWZHOGLQJGXUDWLRQV

7KHFKDQJHVRIPLFURVWUXFWXUHDQGPLFURKDUGQHVVDVVKRZQLQ)LJKLJKO\GHSHQGRQWKHSURFHVV
WLPHGXUDWLRQ$PDLQHIIHFWRILQFUHDVLQJZHOGLQJWLPHGXUDWLRQLVWKHLQFUHDVHRISURFHVVWHPSHUDWXUH
$IWHUWKHZHOGLQJWLPHGXUDWLRQWKHNQXUOLQJWRROVZHUHGLVHQJDJHGIURPWKHMRLQWVDQGFRXSRQVDQGD
ZRUNSLHFHFRROLQJSURFHVVWRRNSODFHLQDLU)RUDKLJKSURFHVVWHPSHUDWXUHZLWKDORQJZHOGLQJWLPH
GXUDWLRQLWDOVRWDNHVDORQJHUWLPHIRUWKHMRLQWWRFRROGRZQ)RUDVKRUWZHOGLQJWLPHOHVVWKDQ
VHFWKHSURFHVVWHPSHUDWXUHZDVPRVWOLNHO\ORZ:RUNKDUGHQLQJDQGJUDLQUHILQHPHQWZHUHVLJQLILFDQW
XQGHU63'DWDORZWHPSHUDWXUHFRQGLWLRQZKLOHG\QDPLFUHFRYHU\ZDVUHODWLYHO\VORZ'LQJDQG6KLQ
'LQJ HW DO $PRUH VHYHUH GHIRUPDWLRQZRXOG OHDG WR D ILQHU JUDLQ VL]H DQG D KLJKHU
PHFKDQLFDOVWUHQJWK$VWKHZHOGLQJWLPHGXUDWLRQLQFUHDVHGWRVHFPRUHKHDWZDVJHQHUDWHG
DQGWKHSURFHVVLQJWHPSHUDWXUHZRXOGOLNHO\UHDFKWKHUHFU\VWDOOL]DWLRQWHPSHUDWXUHUDQJH6XIILFLHQW
VWUDLQHQHUJ\ZDVVWRUHGWRHQDEOHG\QDPLFUHFU\VWDOOL]DWLRQ'5;GXHWRGHIRUPDWLRQ$V'5;WRRN
)LJ *UDLQVL]HPHDVXUHPHQW
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
SODFHLWSURYLGHGDVRIWHQLQJPHFKDQLVPDIWHUDFHUWDLQOHYHORIVWUDLQDQGUHVXOWHGLQDVLJQLILFDQWGURS
RI WKH IORZ VWUHVV WRD VWHDG\VWDWH OHYHO$V WKHZHOGLQJ WLPHGXUDWLRQ LQFUHDVHG WR VHF WKH
SURFHVVLQJWHPSHUDWXUHZRXOGEHFRPHHYHQKLJKHU$VWKHFRPSOHWLRQRIUHFU\VWDOOL]DWLRQJUDLQJURZWK
WRRNSODFH WR UHGXFH WKHJUDLQERXQGDU\DUHD*LYHQD KLJKSURFHVVLQJ WHPSHUDWXUHFRQGLWLRQJUDLQ
JURZWKZRXOGFRQWLQXHHYHQDIWHUWKHZHOGLQJSURFHVV(YHQWXDOO\WKHPDWHULDOZRXOGEHVRIWHQHGDQG
KDGDXQLIRUPFRDUVHJUDLQHGVWUXFWXUHDFURVVWKHZHOGLQWHUIDFHDIWHUJUDLQJURZWK
'LIIHUHQWZHOGLQJWLPHGXUDWLRQVDOVROHGWRGLIIHUHQWOHYHOVRISODVWLFGHIRUPDWLRQZLWKLQWKHZHOG
]RQH'XULQJWKHUHFU\VWDOOL]DWLRQSURFHVVWKHH[WHQWRIGHIRUPDWLRQDIIHFWHGWKHILQDOJUDLQVL]H$PRUH
VHYHUHGHIRUPDWLRQKDGDKLJKHUUDWHRIQXFOHDWLRQWKDQWKHUDWHRIJURZWK6HOODUVDQG:KLWHPDQ
$VDUHVXOW WKH ILQDOJUDLQVL]HZDVUHGXFHGE\ WKHLQFUHDVHGGHIRUPDWLRQ7KLVH[SODLQVWKDWD ILQHU
JUDLQVL]HH[LVWHGLQWKHWRSFRXSRQXQGHUPRUHSODVWLFGHIRUPDWLRQDQGDFRDUVHUJUDLQVL]HH[LVWHGLQ
WKHOHVVGHIRUPHGERWWRPFRXSRQEHIRUHJUDLQJURZWK
%DVHGRQWKHDERYHDQDO\VLVWKHPLFURVWUXFWXUDOHYROXWLRQGXULQJXOWUDVRQLFVSRWZHOGLQJFDQEH
FODVVLILHGLQWRWKUHHUHJLPHV
x )RU5HJLPH,XQGHUDORZSURFHVVLQJWHPSHUDWXUH63'LVK\SRWKHVL]HGDVWKHPDMRUPHFKDQLVP
WRJRYHUQWKHPDWHULDOUHVSRQVHDQGPLFURVWUXFWXUDOHYROXWLRQ
x )RU5HJLPH,,XQGHUDPHGLXPSURFHVVLQJWHPSHUDWXUH'5;LVK\SRWKHVL]HGDVWKHGRPLQDQW
PHFKDQLVPIRUPLFURVWUXFWXUDOHYROXWLRQDVZHOODVPDWHULDOIORZVWUHVVUHVSRQVH
x )RU5HJLPH ,,, XQGHU D KLJK SURFHVVLQJ WHPSHUDWXUH'5; DQG VXEVHTXHQW JUDLQ JURZWK DUH
K\SRWKHVL]HGDVWKHGRPLQDQWPHFKDQLVPVIRUPLFURVWUXFWXUDOHYROXWLRQDVZHOODVPDWHULDOIORZ
VWUHVVUHVSRQVH
7KH ILQDO PLFURVWUXFWXUH LV GHWHUPLQHG E\ WKH FRXSOHG PHWDOORWKHUPRPHFKDQLFDO KLVWRULHV GXULQJ
XOWUDVRQLFZHOGLQJ7KHUHIRUHPRGHOLQJRIGLIIHUHQWPHFKDQLVPVXQGHUGLIIHUHQWUHJLPHVDUHFULWLFDOO\
QHHGHGWREHWWHUXQGHUVWDQGWKHSURFHVVRIXOWUDVRQLFVSRWZHOGLQJ

 0RGHOLQJ
7R VWXG\ WKH PLFURVWUXFWXUDO HYROXWLRQ GXULQJ WKH XOWUDVRQLF ZHOGLQJ DQG VXEVHTXHQW FRROLQJ
SURFHVV D ' PHWDOORWKHUPRPHFKDQLFDOO\ FRXSOHG PRGHO ZDV GHYHORSHG ZLWK D FRPPHUFLDO )(
VRIWZDUHSDFNDJHRI'()250$PDWHULDOFRQVWLWXWLYHPRGHOZDVLPSOHPHQWHGWRFDOFXODWHWKH
IORZ VWUHVV GXULQJ KLJK IUHTXHQF\ XOWUDVRQLF YLEUDWLRQ 7KH PLFURVWUXFWXUDO HYROXWLRQ DQG KDUGQHVV
FKDQJHGXHWR'5;DQGWKHVXEVHTXHQWJUDLQJURZWKZHUHVLPXODWHGZLWKDSRVWSURFHVVLQJXVHUURXWLQH

 )ORZ6WUHVV0RGHOXQGHU8OWUDVRQLF9LEUDWLRQ
8OWUDVRQLF ZHOGLQJ LQYROYHV KLJKIUHTXHQF\ F\FOLF ORDGLQJ WKHUPDO HIIHFW DW WKH LQWHUIDFH DQG
XOWUDVRQLFHIIHFWGXHWRXOWUDVRQLFYLEUDWLRQ7KHUHIRUHIORZVWUHVVVKRXOGEHH[SUHVVHG LQFRPELQHG
HIIHFWRIDOOWKUHHSKHQRPHQD6LGGLTDQG*KDVVHPLHK7KHEDVLFFRQVWLWXWLYHHTXDWLRQVIRUF\FOLF
SODVWLFLW\PRGHOZHUHDGRSWHGIURPXQLD[LDOORDGLQJ7KHWRWDOVWUDLQLVWKHVXPRIHODVWLFDQGSODVWLF
VWUDLQWHQVRU
ߝ ൌ ߝ௘௟ ൅ ߝ௣௟        
)ORZVWUHVVHVDWDQ\VWHSRIWKHVLPXODWLRQDUHFDOFXODWHGXVLQJWKHHODVWLFVWUHVVVWUDLQUHODWLRQ
ߪ ൌ ܦ௘௟ߝ௘௟ ൌ ܦ௘௟ሺߝ െ ߝ௣௟ሻ       
ZKHUHܦ௘௟ LVWKHHODVWLFLW\WHQVRU7KHQWKH\LHOGIXQFWLRQFULWHULRQLVJLYHQE\
ܨ ൌ ȁߪ െ ߙȁ െ ሺߪ଴ െ ܴሻ ൌ Ͳ       
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
ZKHUHߪ଴LVLQLWLDO\LHOGVWUHVVߙLVWKHWHUPUHODWHGWREDFNVWUHVVWHQVRUGXHWRNLQHPDWLFKDUGHQLQJDQG
5LVWKHWHUPUHODWHGWRLVRWURSLFKDUGHQLQJ7KHSODVWLFVWUDLQGXULQJGHIRUPDWLRQSURFHVVLVJLYHQE\
݀ߝ௣௟ ൌ ݀ߣ డிడఙ        
ZKHUH݀ߣLVSODVWLFPXOWLSOLHUZKLFKVDWLVILHVWKHIROORZLQJ.XKQ7XFNHUW\SHFRQVLVWHQF\FRQGLWLRQV
ܨ ൑ ͲǢ ݀ߣ ൒ ͲǢ ݀ߣǤ ܨ ؆ Ͳ       
7KHH[SDQVLRQRI\LHOGVXUIDFHGXHWRLVRWURSLFKDUGHQLQJFDQEHH[SUHVVHGDVDQH[SRQHQWLDOIXQFWLRQ
RIDFFXPXODWHGSODVWLFVWUDLQ6LGGLTDQG6D\HG
ܴ ൌ ܳሺͳ െ ݁ି௕ఌ೛೗ሻ        
ZKHUH4 DQGE DUHPDWHULDO FRQVWDQWV4 LV WKHPD[LPXP FKDQJH RI \LHOG VXUIDFH GXH WR LVRWURSLF
KDUGHQLQJ DQGE LV WKH UDWH DWZKLFK \LHOG VXUIDFH FKDQJHVZLWK DFFXPXODWHG SODVWLF VWUDLQߝ௣௟  )RU
QRQOLQHDUNLQHPDWLFKDUGHQLQJWKHUDWHRIEDFNVWUHVVĮLVJLYHQE\
ߙሶ ൌ ܥ ଵఙబ ሺߪ െ ߙሻߝሶ
௣௟ െ ߛߙߝሶ௣௟       
ZKHUH&DQGȖDUHPDWHULDOFRQVWDQWVIURPF\FOLFWHVWLQJ&VWDQGVIRUWKHNLQHPDWLFVKLIWRI\LHOGVXUIDFH
DQGȖ VWDQGV IRU WKHUDWHDWZKLFK VDWXUDWLRQYDOXHRINLQHPDWLFKDUGHQLQJGHFUHDVHVZLWK LQFUHDVLQJ
SODVWLFVWUDLQߪ଴ ൌ ߪ௬ ൅ ܴZLWKߪ௬LVWKH\LHOGVWUHVVIRU]HURSODVWLFVWUDLQ7KHEDFNVWUHVVĮFDQEH
LQWHJUDWHGIURP(TIRUXQLD[LDOFDVH
ߙ ൌ ܥ ଵఊ ቀͳ െ ݁ିఊఌ
೛೗ቁ ൅ ߙଵǤ ݁ିఊఌ೛೗      
ZKHUHߙଵLVREWDLQHGIURPVWDELOL]HGF\FOHDQGLVJLYHQE\ߙଵ ൌ ߪଵ െߪ௦ZLWKߪଵLVWKHVWUHVVDWWKHVWDUW
RIWKHVWDELOL]HGF\FOHDQGߪ௦LVWKH\LHOGVWUHVVDWVWDELOL]HGF\FOH
ߪ௦ ൌ  ఙభାఙ೙ଶ          
ZKHUHߪଵDQGߪ௡DUHWKHVWUHVVDWWKHVWDUWDQGHQGRIVWDELOL]HGF\FOH
$SKHQRPHQRORJLFDO VRIWHQLQJ WHUPሾሺͳ െ ݀ܧ௨ሻ௘@GHSHQGHQWXSRQ WKHXOWUDVRQLFHQHUJ\GHQVLW\
SHU XQLW WLPH KDV EHHQ LQWURGXFHG LQ WKH UHODWLRQV RI LVRWURSLF DQG NLQHPDWLF KDUGHQLQJ WHUPV WR
GHPRQVWUDWHWKHXOWUDVRQLFVRIWHQLQJHIIHFWRQ\LHOGVWUHVV6LGGLTDQG*KDVVHPLHK7KHWKHUPDO
VRIWHQLQJ LV LQFOXGHG LQ WKH IORZ VWUHVV PRGHO E\ HPEHGGLQJ WKH WHPSHUDWXUH WHUP RI
ቂͳ െ ቀ ்ି ೝ்
೘்ି ೝ்ቁ
௠ቃ-RKQVRQDQG&RRN%\LQFOXGLQJERWKWKHUPDOVRIWHQLQJDQGDFRXVWLFVRIWHQLQJ
WKHPRGLILHGHTXDWLRQVRILVRWURSLFDQGNLQHPDWLFKDUGHQLQJDUHJLYHQE\6LGGLTDQG6D\HG
ܴ௨௟௧௥௦௢௡௜௖ ൌ ቂܳሺͳ െ ݁ି௕ఌ೛೗ሻቃ ቂͳ െ ቀ ்ି ೝ்೘்ି ೝ்ቁ
௠ቃ ሾሺͳ െ ݀ܧ௨ሻ௘ሿ   
ߙ௨௟௧௥௦௢௡௜௖ ൌ  ቂ஼ఊ ቀͳ െ ݁ିఊఌ
೛೗ቁ ൅ ߙଵǤ ݁ିఊఌ೛೗ቃ ቂͳ െ ቀ ்ି ೝ்೘்ି ೝ்ቁ
௠ቃ ሾሺͳ െ ݀ܧ௨ሻ௘ሿ  
ZKHUHGDQGHDUHWKHPDWHULDOFRQVWDQWVUHODWHGWRXOWUDVRQLFVRIWHQLQJDQG(XLVWKHXOWUDVRQLFHQHUJ\
GHQVLW\SHUXQLWWLPHWUDQVIHUUHGIURPXOWUDVRQLFYLEUDWRUWRWKHPDWHULDO7KHFRQVWDQWYDOXHVRIFRSSHU
DUHJLYHQLQ7DEOH7KHVHYDOXHVZHUHFDOLEUDWHGIURPH[SHULPHQWDOZRUNIRUF\FOLFORDGLQJRQFRSSHU
%RZHUH[FHSWWKHYDOXHRIHZDVDGRSWHGIURPWKHSUHYLRXVVLPXODWLRQZRUNIRUXOWUDVRQLFVHDP
ZHOGLQJ6LGGLTDQG*KDVVHPLHK(XZDVDGRSWHGDVǤ ͷ ൈ ͳͲହ:PIRUWKHWRSFRXSRQZKLOH
DVPDOOHU(XRIǤ ͳ ൈ ͳͲସ:PZDVDFFHVVHGIRUWKHERWWRPFRXSRQVXEMHFWHGWROHVVDFRXVWLFVRIWHQLQJ
7KHERWWRPFRXSRQZDVUHODWLYHO\IDUDZD\IURPWKHNQXUOLQJWRROZKLFKZDVPRXQWHGRQWKHXOWUDVRQLF
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
KRUQ%DVHGRQWKHOLWHUDWXUHVHDUFKDQGREVHUYDWLRQVLQ/HHHWDOWKHDPSOLWXGHRIXOWUDVRQLF
YLEUDWLRQVGHFUHDVHGIRUWKHERWWRPFRXSRQ

7DEOH0DWHULDOSDUDPHWHUVLQWKHIORZVWUHVVPRGHO%RZHU6LGGLTDQG*KDVVHPLHK
403D E &03D Ȗ P 7P& 7U& GP: (X:P H
       H HIRU7RSHIRU%RWWRP 

 0RGHOLQJIRU0LFURVWUXFWXUDO(YROXWLRQ
7R SUHGLFW WKH PLFURVWUXFWXUDO HYROXWLRQ FRUUHFWO\ PRGHOLQJ DSSURDFK PXVW FRPSUHKHQG WKH
SURFHVVSK\VLFVXQGHUGLIIHUHQWUHJLPHVGXULQJXOWUDVRQLFVSRWZHOGLQJ)RUJUDLQUHILQHPHQWE\63'
XQGHU5HJLPH,DGLVORFDWLRQGHQVLW\EDVHGFRPSXWDWLRQDODSSURDFKKDVEHHQHVWDEOLVKHGE\WKHDXWKRUV
WRPRGHOWKHPLFURVWUXFWXUDOHYROXWLRQDQGVWUHQJWKHQKDQFHPHQWGXULQJYDULRXV63'SURFHVVHVVXFK
DVPXOWLSDVVFROGUROOLQJ'LQJHWDODQGODUJHVWUDLQRUWKRJRQDOFXWWLQJ'LQJDQG6KLQ
'LQJHWDO7KHQXFOHDWLRQRIGLVORFDWLRQVGXHWRGHIRUPDWLRQDQQLKLODWLRQRIGLVORFDWLRQVGXH
WRG\QDPLFUHFRYHU\DQGLQWHUDFWLRQRIGLVORFDWLRQVEHWZHHQWKHGLVORFDWLRQFHOOLQWHULRUVDQGFHOOZDOOV
FDQEH HYDOXDWHGEDVHGRQ WKHGHIRUPDWLRQSURFHVV VWDWH YDULDEOHV 6KHQ HW DO DE7KH
GLVORFDWLRQ GHQVLW\EDVHG PDWHULDO SODVWLFLW\ PRGHO ZDV FRPSDWLEOH ZLWK WKH PDWHULDO FRQVWLWXWLYH
PRGHOVGHYHORSHGXQGHUYDULRXVFRQGLWLRQVRIVWUDLQVWUDLQUDWHDQGWHPSHUDWXUH:LWKWKHGHYHORSHG
GLVORFDWLRQGHQVLW\EDVHGQXPHULFDOVROXWLRQWKHPRGHOLQJHIIRUWIRU5HJLPH,LVRPLWWHGLQWKLVZRUN
0RGHOLQJRIPLFURVWUXFWXUDOHYROXWLRQXQGHU5HJLPHV,,DQG,,,DUHGHVFULEHGDVIROORZV
$VWKHULVHRI5HJLPH,,WKHUHILQHGJUDLQVWUXFWXUHIURP63'LVUDSLGO\UHSODFHGE\'5;7KH
VWUDLQKDUGHQHGZHOGLVVRIWHQHGE\'5;DQGVXEVHTXHQWJUDLQJURZWKGXULQJ5HJLPHV,,DQG,,,7KH
G\QDPLFUHFU\VWDOOL]DWLRQDQGJUDLQJURZWKZHUHFRXSOHGWRJHWKHULQWKLVDQDO\VLV7KHPRGHOIRUHLWKHU
UHJLPHZRXOGEHHQDEOHGLIVSHFLILFFRQGLWLRQVZHUHIXOILOOHG$VWKHLQFUHDVHRIZHOGLQJWLPHGXUDWLRQ
WKH'5;GRPLQDWHG5HJLPH,,ZRXOGDULVHILUVW7KHPLFURVWUXFWXUDOHYROXWLRQRIFRSSHUE\'5;KDV
EHHQVWXGLHGE\UHVHDUFKHUVIRUDZLGHUDQJHRIWHPSHUDWXUHV%URZQDQG%DPPDQQ*DUFtDHW
DO$FULWLFDOWHPSHUDWXUHLVUHTXLUHGIRUWKHRQVHWRI'5;,QWKLVVWXG\WKHVWDUWLQJWHPSHUDWXUH
RI'5;ZDVDVVXPHGDV7PZKLFKLVDERXW&IRU&X:KHQWKLVVWDUWLQJWHPSHUDWXUHLVUHDFKHG
WKHRQVHWRI'5;RFFXUVDWDFULWLFDOHTXLYDOHQWSODVWLFVWUDLQ$VVRRQDV'5;RFFXUVWKHVRIWHQLQJ
HIIHFWLQGXFHGE\'5;EHFRPHVQRWLFHDEOHDQGWKHIORZVWUHVVLQFUHDVHUDWHEHFRPHVVORZHUXQWLOWKH
SHDNVWUHVVYDOXHLVUHDFKHG%HKQDJKHWDO$IWHUUHDFKLQJWKHSHDNYDOXHWKHIORZVWUHVVFXUYH
GURSVUDSLGO\WRDVWHDG\VWDWHUHJLRQDVVWUDLQIXUWKHULQFUHDVHV
$ NLQHWLF PRGHO ZDV GHYHORSHG WR FDSWXUH WKH PLFURVWUXFWXUDO HYROXWLRQ GXULQJ D ZDUPKRW
GHIRUPDWLRQSURFHVV7KHSURJUHVVRI'5; LVFKDUDFWHUL]HGDV WKHFKDQJHRI WKHYROXPH IUDFWLRQRI
'5;<DQDJLPRWRHWDO7KH'5;NLQHWLFPRGHOLVGHILQHGE\'()250
ߝ௖ ൌ ܽଶߝ௣         
ߝ௣ ൌ ܽଵ݀଴௡భߝሶ௠భ  ቀொభோ்ቁ       
ߝ଴Ǥହ ൌ ܽହ݀௢ߝሶ௠ఱ݁ݔ݌ ቀொఱோ்ቁ       
ܺ஽ோ௑ ൌ ͳ െ  ൤െߚௗ ቀ ఌఌబǤఱቁ
௞೏൨      
ZKHUHİFLV WKHFULWLFDO VWUDLQ IRU WKHRQVLWHRI'5;İSLV WKHSHDNVWUHVV VWUDLQFRUUHVSRQGLQJ WR WKH
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
PD[LPXPIORZVWUHVVİGHQRWHVWKHVWUDLQDWUHFU\VWDOOL]DWLRQGLVWKHLQLWLDOJUDLQVL]H7LVWKH
SURFHVVWHPSHUDWXUHLQ.DQG;'5;LVWKHYROXPHIUDFWLRQRI'5;5LVWKHLGHDOJDVFRQVWDQWRI
-PROή.ȕGDQGNGDUHPDWHULDOFRQVWDQWVDLQLDQGPLL «DUHPDWHULDOFRQVWDQWVLQHDFK
HTXDWLRQDQG4LLVDPRGLILHGDFWLYDWLRQHQHUJ\'XULQJWKHUHFU\VWDOOL]DWLRQWKHDYHUDJHGJUDLQVL]H
GDIWHU'5;FDQEHSUHGLFWHGE\DPL[WXUHUXOH
݀ ൌ ݀௢ െ ሺ݀௢ െ ݀஽ோ௑ሻܺ஽ோ௑       
݀஽ோ௑ ൌ ଼ܽ݀௢ߝሶ௠ఴ݁ݔ݌ ቀொఴோ்ቁ       
ZKHUHG'5;LVWKHSUHGLFWHGJUDLQVL]HDIWHU'5;
$VUHFU\VWDOOL]DWLRQFRPSOHWHVJUDLQJURZWKZRXOGWDNHSODFHWRUHGXFHWKHJUDLQERXQGDU\DUHDSHU
XQLW YROXPH LI WKH WHPSHUDWXUH LV KLJKHU WKDQ WKH JUDLQ JURZWK VWDUWLQJ WHPSHUDWXUH 6HOODUV DQG
:KLWHPDQ,QWKLVVWXG\WKHJUDLQJURZWKVWDUWLQJWHPSHUDWXUHZDVDVVXPHGDV7PZKLFKLV
&IRU&X*UDLQJURZWKZDVFRQVLGHUHGWRHQGDVWHPSHUDWXUHGURSSHGEHORZ&GXULQJWKH
FRROLQJVWHS7KHILQDOJUDLQVL]HGXHWRJUDLQJURZWKGJLVJLYHQE\
݀௚ ൌ ቂ݀଴௠వ ൅ ܽଽݐ ή  ቀொవோ்ቁቃ
ଵȀ௠      
ZKHUHWLVWKHWLPHGXUDWLRQIRUWHPSHUDWXUHDERYHJUDLQJURZWKVWDUWLQJWHPSHUDWXUHZKLFKDOVRLQFOXGHV
WKHWLPHGXUDWLRQGXULQJWKHFRROLQJVWDJH
7KHUHODWLRQVKLSEHWZHHQKDUGQHVVDQGDYHUDJHJUDLQVL]HDIWHUZHOGLQJLVUHSUHVHQWHGE\+DOO3HWFK
HTXDWLRQ&DOOLVWHUDQG5HWKZLVFK
ܪ ൌ ܪ௢ ൅ ݇݀ି
భ
మ        
ZKHUH+LVWKHPLFURKDUGQHVVRIWKHPDWHULDO+RDQGNDUHPDWHULDOFRQVWDQWV$OOWKHDIRUHPHQWLRQHG
PDWHULDOFRQVWDQWVZHUHFDOLEUDWHGEDVHGRQWKHSUHYLRXVO\UHSRUWHGH[SHULPHQWDOUHVXOWV%URZQDQG
%DPPDQQ66/HHHWDO7KHVHYDOXHVDUHOLVWHGLQ7DEOH2WKHUQHFHVVDU\PHFKDQLFDO
DQGSK\VLFDOSURSHUWLHVRIFRSSHUDUHJLYHQLQ7DEOH
7DEOH0RGHOSDUDPHWHUVWRSUHGLFWJUDLQJURZWKDQGPLFURKDUGQHVV
ȕG NG D Q P D 4N-PRO 4N-PRO 4N-PRO
        
D P D P D P +R+9 4N-PRO N+9ξ࢓
        
7DEOH0HFKDQLFDODQG3K\VLFDO3URSHUWLHVIRU3XUH&X(ULFNVRQ
3URSHUW\ 9DOXH
'HQVLW\NJP 
<RXQJ¶VPRGXOXV*3D 
3RLVVRQ¶VUDWLR 
0HOWLQJSRLQW& 
7KHUPDOFRQGXFWLYLW\:Pā& 
+HDW&DSDFLW\-.J& 
7KHUPDOH[SDQVLRQPPā& 
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
 3URFHVV0RGHOLQJ
)LJDVKRZV WKH'PRGHOLQJFRQILJXUDWLRQ LQ'()250IRU WKHXOWUDVRQLFVSRWZHOGLQJ
H[SHULPHQW7KHW\SLFDONQXUODQGDQYLOSDWWHUQGHVLJQVDUHVKRZQLQ)LJEFUHVSHFWLYHO\)RUWKH
PRGHOHGFRQGLWLRQERWKNQXUODQGDQYLOKDGWKHGLDPRQGSDWWHUQZLWKྶNQXUOLQJWLSVWRWUHDWDQDUHD
RIྶPP%RWKNQXUODQGDQYLOZHUHWUHDWHGDVULJLGERGLHVLQWKLVPRGHO7KHWRSDQGERWWRPVKHHWV
ZHUHPPDQGPPLQWKLFNQHVVUHVSHFWLYHO\7KHWKLQ1LOD\HURIPZDVQRWFRQVLGHUHGLQWKLV
PRGHO&ODPSLQJIRUFHZDVDSSOLHGDWWKHEDFNRIWKHNQXUOLQJWRROVDORQJWKHYHUWLFDOGLUHFWLRQ7KH
NQXUOFDQPRYHDORQJWKHYHUWLFDOGLUHFWLRQZKLOHWKHDQYLOZDVIL[HGLQDOO WKHGHJUHHRIIUHHGRPV
0XOWLSOHVLPXODWLRQVZHUHFRQGXFWHGZLWKYDU\LQJZHOGLQJWLPHGXUDWLRQVIURPVHFWRVHF$IWHU
WKHZHOGLQJVWHSVLPXODWLRQWKHWRROVZHUHGLVHQJDJHGIURPWKHMRLQWVDQGFRXSRQVDQGDFRROLQJVWHS
ZDVVLPXODWHGIRUWKHZRUNSLHFHXVLQJDQDWXUDOFRQYHFWLRQ:P.FRQGLWLRQ


)LJ)(PRGHOLQJVHWXSIRUXOWUDVRQLFZHOGLQJD)(FRQILJXUDWLRQENQXUOSDWWHUQFDQYLOSDWWHUQ

8OWUDVRQLFYLEUDWLRQZDVQRWGLUHFWO\PRGHOHGIRUWKHKRUQLQWKLVZRUNWRVDYHFRPSXWDWLRQDOFRVW
:KHQXOWUDVRQLFYLEUDWLRQZDVLPSOHPHQWHGIRUWKHNQXUOLQJWRROFRPSXWDWLRQDOFRVWZDVWRRKLJKWR
FRPSOHWHHYHQDYHU\VKRUWSHULRGRIZHOGLQJSURFHVV,QWKLVVWXG\WKHHIIHFWRIXOWUDVRQLFYLEUDWLRQ
ZDV FRQVLGHUHG DV DFRXVWLF VRIWHQLQJ RQ IORZ VWUHVV DQG IULFWLRQDO KHDW JHQHUDWLRQ 7KH DFRXVWLF
VRIWHQLQJHIIHFWE\XOWUDVRQLFYLEUDWLRQZDVPRGHOHGDV LQ6HFWLRQ7KHHIIHFWRQ IULFWLRQDOKHDW
JHQHUDWLRQZDVFRQVLGHUHGIRUERWKIULFWLRQFRHIILFLHQWDQGKHDWJHQHUDWLRQ
'XULQJXOWUDVRQLFZHOGLQJKHDWJHQHUDWLRQPDLQO\RFFXUVDWWKHLQWHUIDFHEHWZHHQWKHWZRVKHHWV
IURPERWKPHFKDQLFDOGHIRUPDWLRQDQGIULFWLRQ(ODQJRYDQHWDO7KXVDFRQVWDQWVXUIDFHKHDW
IOX[ZDVDSSOLHGLQWKLVPRGHODWWKHLQWHUIDFHEHWZHHQWKHWRSDQGERWWRPFRSSHUVKHHWV7KHDSSOLHG
VXUIDFHKHDWIOX[ZDV:PPLQWKLVPRGHOZKLFKZDVFDOLEUDWHGE\FRPSDULQJWKHVLPXODWHG
WHPSHUDWXUHKLVWRULHVDWGLIIHUHQWORFDWLRQVWRWKHPHDVXUHPHQW/LHWDO7KHIULFWLRQFRHIILFLHQWV
EHWZHHQWKHNQXUOLQJWRROVDQGZRUNSLHFHVZHUHFRQVLGHUHGWREHWHPSHUDWXUHGHSHQGHQW7KHIULFWLRQ
FRHIILFLHQWZDVUHSRUWHGWRLQFUHDVHZLWKWHPSHUDWXUHXSWRDFHUWDLQWHPSHUDWXUHWKHQVWDUWWRGHFUHDVH
=KDQJHWDO7KHWHPSHUDWXUHGHSHQGHQF\RIIULFWLRQFRHIILFLHQWZDVJLYHQE\
ߤ ൌ ߤ଴ሺͺǤͶͺͷͳͲെͳͲܶସ െ ͺǤͺͶʹͳͲെ͹ܶଷ ൅ ͳǤͻ͸ͻͳͲെͶܶଶ െ ͻǤ͹͸ʹͳͲെ͵ܶ ൅ ͳǤͳʹሻ 
ZKHUHȝRHTXDOVWRZKLFKLVWKHNLQHWLFIULFWLRQFRHIILFLHQWDWURRPWHPSHUDWXUHEHWZHHQFRSSHU
DQGVWHHO5DELQRZLF]
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

)LJ)ORZFKDUWIRUSRVWSURFHVVLQJXVHUURXWLQH

7RSUHGLFWWKHFRQWLQXRXVJUDLQJURZWKDIWHUXOWUDVRQLFZHOGLQJDFRROLQJVWHSZDVVLPXODWHGZLWK
D QDWXUDO FRQYHFWLRQ :P. DSSOLHG DIWHU WKH ZHOGLQJ VWHS )RU WKH H[SHULPHQWV ZLWK ORQJHU
ZHOGLQJWLPHGXUDWLRQVRIDQGVHFWKHVLPXODWHGWKHUPDOKLVWRU\IRUERWKZHOGLQJDQGFRROLQJ
VWHSV ZDV XVHG WR SUHGLFW WKH ILQDO JUDLQ VL]H GXH WR JUDLQ JURZWK $ SRVWSURFHVVLQJ XVHU URXWLQH
SURJUDPPHG LQ )2575$1 ZDV LPSOHPHQWHG WR SUHGLFW WKH PLFURVWUXFWXUDO HYROXWLRQ DQG
PLFURKDUGQHVVFKDQJHDVJLYHQLQ6HFWLRQ)LJVKRZVWKHIORZFKDUWRIWKHSRVWSURFHVVLQJXVHU
URXWLQH$VDIRUHPHQWLRQHGWKHVWDUWLQJWHPSHUDWXUHRI'5;DQGJUDLQJURZWKZHUHDGRSWHGDV7P
DQG7PUHVSHFWLYHO\LHDQG&IRU&X,IWKHWHPSHUDWXUHZDVKLJKHUWKDQ&WKHJUDLQ
JURZWKZRXOGFRQWLQXHWKURXJKWKHFRROLQJVWHSDIWHUWKHZHOGLQJVWHSXQWLOWKHWHPSHUDWXUHGURSSHG
EHORZ&


 6LPXODWLRQ5HVXOWVDQG'LVFXVVLRQV
)LJVKRZVWKHVLPXODWHG'9RQ0LVHVVWUHVVGLVWULEXWLRQVRQERWKWRSDQGERWWRPFRXSRQVDW
WKHZHOGLQJWLPHRIVHF$ྶDUUD\RILQGHQWVFDQEHVHHQLQWKHZHOG]RQHRQWKHWRSVKHHW7KH
VWUHVV LQ WKH WRS VKHHW ZDV ORZHU WKDQ WKDW RI WKH ERWWRP VKHHW 7KLV ZDV UHVXOWHG IURP GLIIHUHQW
PDJQLWXGHV RI DFRXVWLF VRIWHQLQJ 0RUH DFRXVWLF VRIWHQLQJ ZDV DSSOLHG LQ WKH WRS VKHHW EHFDXVH
VLJQLILFDQWO\PRUHXOWUDVRQLFHQHUJ\ZDVDEVRUEHGLQWKHWRSVKHHW

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

)LJ(IIHFWLYHVWUHVVGLVWULEXWLRQDWVHFXOWUDVRQLFZHOGLQJLQDWRSFRXSRQEERWWRPFRXSRQ

6LPXODWHGWHPSHUDWXUHGLVWULEXWLRQVDUHVKRZQLQ)LJIRUERWKZHOGLQJVWHSVHFZHOGLQJWLPH
GXUDWLRQDQGFRROLQJVWHS7KHZHOGMRLQWDUHDZDVSUHGLFWHGWRKDYHDUHODWLYHXQLIRUPWHPSHUDWXUH
GLVWULEXWLRQ RI DERXW  & DW WKH HQG RI  VHFZHOGLQJ GXUDWLRQ7KLV DYHUDJH WHPSHUDWXUHZDV
GHWHUPLQHGIRUZHOGLQJSURFHVVHVZLWKYDULRXVZHOGLQJWLPHGXUDWLRQV)LJEVKRZVWKHWHPSHUDWXUH
SUHGLFWLRQGXULQJWKHFRROLQJVWHSZLWKWKHNQXUOLQJWRROVGLVHQJDJHGIURPWKHFRXSRQV)LJFRPSDUHV
WKHVLPXODWHGWHPSHUDWXUHVZLWKWKHH[SHULPHQWDOPHDVXUHPHQWVXQGHUWDNHQE\DZHOGLQJWLPHGXUDWLRQ
RIVHF/LHWDO7KHUPRFRXSOHVFRXOGQRWEHGLUHFWO\DSSOLHGZLWKLQWKHZHOG]RQHEXWZHUH
DWWDFKHGWRWKHWRS&XFRXSRQDWDERXWPPDZD\IURPWKHZHOG]RQHGHQRWHGDV3DQG3DVFDQ
EH VHHQ LQ )LJ 7KH WHPSHUDWXUH KLVWRULHV DW WKHVH WKHUPRFRXSOH ORFDWLRQVZHUH WUDFNHG IURP WKH
VLPXODWLRQ UHVXOW8QGHU WKH IULFWLRQKHDW IOX[RI:PP WKH VLPXODWHG WHPSHUDWXUHKLVWRULHV
DJUHHGZHOOZLWKWKHH[SHULPHQWDOPHDVXUHPHQWVIRUERWKWKHUPRFRXSOHORFDWLRQV7KLVYDOLGDWHGWKH
DFFXUDF\RIWHPSHUDWXUHSUHGLFWLRQLQWKLVDQDO\VLV


)LJ7HPSHUDWXUHGLVWULEXWLRQRIVHFXOWUDVRQLFZHOGLQJVLPXODWLRQDDWVHFEGXULQJFRROLQJ

)LJVKRZVWKHVLPXODWHGPLFURVWUXFWXUDOYDULDEOHVLQWHUPVRIYROXPHIUDFWLRQRI'5;JUDLQVL]H
DQGPLFURKDUGQHVVDIWHUVHFZHOGLQJDQGVXEVHTXHQWFRROLQJZKLFKZHUHFDOFXODWHGXVLQJWKHSRVW
SURFHVVLQJXVHUURXWLQH$VVKRZQLQ)LJD'5;FRPSOHWHGLQPRVWDUHDRIWKHWRSFRXSRQZLWKLQWKH
ZHOG]RQHGXHWRWKHPRUHSODVWLFGHIRUPDWLRQZKLOH'5;RQO\RFFXUUHGQHDUWKHDQYLOLQGHQWVLQWKH
ERWWRPFRXSRQGXHWROHVVGHIRUPDWLRQ*UDLQVL]HZDVGHWHUPLQHGIURPWKHWHPSHUDWXUHKLVWRU\ZKLFK
ZDVSUHGLFWHGDERXWPLQWKHZHOG]RQHDQGVPDOOHULQWKHVXUURXQGLQJDUHD$FFRUGLQJO\WKH
PLFURKDUGQHVVIROORZHGWKHUHYHUVHGWUHQGRIWKHJUDLQVL]H$ORZKDUGQHVVZDVSUHGLFWHGLQWKHZHOGLQJ
]RQHEHFDXVHRIWKHFRDUVHJUDLQVDQGEHFDPHKLJKHULQWKHVXUURXQGLQJDUHD
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

)LJ6LPXODWHGWHPSHUDWXUHKLVWRULHVDWWZRORFDWLRQVRQWKH&XFRXSRQGXULQJDVHFZHOGLQJH[SHULPHQW7KH
WHPSHUDWXUHPHDVXUHPHQWVZHUHDGRSWHGIURP/LHWDO



)LJ0LFURVWUXFWXUHSUHGLFWLRQIRUVHFZHOGLQJ

7KHVLPXODWLRQUHVXOWVRISURFHVVWHPSHUDWXUHXQGHUGLIIHUHQWZHOGLQJFRQGLWLRQVZHUHVKRZQLQ
)LJ )LJ D VKRZV WKH SUHGLFWHGSURFHVV WHPSHUDWXUH LH DYHUDJH WHPSHUDWXUH DORQJ WKH MRLQW
LQWHUIDFHIRUZHOGLQJWLPHGXUDWLRQVRIDQGVHF7KHSURFHVVWHPSHUDWXUHLQFUHDVHGYHU\IDVW
GXULQJWKHZHOGLQJVWHSDQGWKHQGURSSHGTXLFNO\ZLWKLQWKHILUVWVHFRIWKHFRROLQJVWHS,Q)LJ
PLFURVWUXFWXUDOHYROXWLRQUHJLPHVZHUHFRORUKLJKOLJKWHGE\GLIIHUHQWWHPSHUDWXUHUDQJHV)RULQVWDQFH
IRUVHFZHOGLQJWLPHGXUDWLRQWKHPDWHULDOPLFURVWUXFWXUHXQGHUZHQWGLIIHUHQWVWDJHVRIHYROXWLRQ
IROORZLQJWKHORDGLQJKLVWRU\LHILUVWO\5HJLPH,63'WKHQ5HJLPH,,'5;DQGILQDOO\5HJLPH,,,
JUDLQ JURZWK%HFDXVH RI WKH LQWHQVLYH KHDW JHQHUDWLRQ XQGHU  VHFZHOGLQJ GXUDWLRQ WKH SURFHVV
WHPSHUDWXUHZDVSUHGLFWHGWREHDERYH&IRUVHFGXULQJZKLFKJUDLQJURZWKRFFXUUHG:KLOH
WKHWHPSHUDWXUHLQFUHDVHZDVRQO\LQFUHDVHGWRDERXW&XQGHUWKHZHOGLQJWLPHGXUDWLRQRIVHF
JUDLQJURZWKGLGQRWRFFXUXQGHUWKDWFRQGLWLRQ
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
)LJ E VXPPDUL]HV WKH SUHGLFWHG SURFHVV WHPSHUDWXUHV DQGPLFURVWUXFWXUDO HYROXWLRQ UHJLPHV
XQGHU GLIIHUHQWZHOGLQJ WLPH GXUDWLRQV )RU WKH VKRUWZHOGLQJ WLPH GXUDWLRQ RI  VHF WKH SURFHVV
WHPSHUDWXUHGLGQRWUHDFKWKH'5;VWDUWLQJWHPSHUDWXUHRIWKHPHOWLQJSRLQW7PRUDERXW&
IRU&XPLFURVWUXFWXUDOHYROXWLRQZDVJRYHUQHGE\63')RUZHOGLQJWLPHRIVHFWKHSURFHVV
WHPSHUDWXUHVZHUHLQWKHUDQJHRIWKH'5;7PRU&IRU&XZKLFKGRPLQDWHGWKH
PLFURVWUXFWXUDOHYROXWLRQ)RUZHOGLQJWLPHRIDQGVHFWKHSURFHVVWHPSHUDWXUHH[FHHGHGWKH
VWDUWLQJWHPSHUDWXUHRIJUDLQJURZWK7PRU&IRU&XDQGWKHILQDOJUDLQVL]HZDVGHWHUPLQHG
E\ WKH JUDLQ JURZWKPHFKDQLVP7KHVH ILQGLQJV DJUHHGZHOOZLWK WKH H[SHULPHQWDO REVHUYDWLRQV RQ
PLFURVWUXFWXUDOHYROXWLRQLQ6HFWLRQDQGYDOLGDWHGWKHK\SRWKHVHVLQPLFURVWUXFWXUDOHYROXWLRQ


)LJ  6LPXODWHG WHPSHUDWXUH KLVWRULHV DQG SHDN WHPSHUDWXUHV D 7HPSHUDWXUH KLVWRULHV LQ ERWKZHOGLQJ DQG
FRROLQJVWHSEZHOGLQJWLPHHIIHFWRQWKHVLPXODWHGSURFHVVWHPSHUDWXUHV

)LJVKRZVWKHSUHGLFWHGZHOGMRLQWJHRPHWU\XQGHUYDULRXVZHOGLQJWLPHGXUDWLRQV7KHPRGHO
SUHGLFWLRQV VKRZPRUH FRPSDFWHG MRLQWZLWKZHOGLQJ WLPH LQFUHDVLQJ/DUJHU NQXUOLQJ LQGHQWVZHUH
SUHGLFWHG LQ WKH WRS VKHHWV WKDQ WKH ERWWRP VKHHW 7KHVH PRGHOLQJ UHVXOWV PDWFKHG ZHOO ZLWK WKH
H[SHULPHQWDO UHVXOWV )LJ  IXUWKHU H[DPLQHV WKHZHOG WKLFNQHVV IURP WKH VLPXODWLRQV ZKLFKZDV
GHILQHGDVWKHWKLQQHVWGLVWDQFHIURPWKHWRSWRERWWRPVXUIDFHRIWKHZHOGDVVKRZQLQ)LJ7KH
PRGHODFFXUDWHO\SUHGLFWHGWKHZHOGWKLFNQHVVXQGHUGLIIHUHQWZHOGLQJWLPHGXUDWLRQZKLFKUHGXFHG
IURPPPDFKLHYHGDWVHFZHOGLQJGXUDWLRQWRDERXWPPDIWHUVHFZHOGLQJ

)LJ6LPXODWHGGHIRUPHGJHRPHWU\XQGHUGLIIHUHQWZHOGLQJGXUDWLRQVFRPSDUHGZLWKWKHH[SHULPHQWDOUHVXOWVLQ
/HHHWDO
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

)LJ6LPXODWHGZHOGWKLFNQHVVXQGHUGLIIHUHQWZHOGLQJGXUDWLRQVFRPSDUHGZLWKH[SHULPHQWDOPHDVXUHGZHOG
WKLFNQHVVLQ/HHHWDO

$VDILQDOQRWHWKHERQGLQJEHWZHHQWZRFRXSRQVLVQRWFDSWXUHGLQWKLVPRGHO$VDUHVXOWWKH
VLPXODWHGVWUHVVDQGVWUDLQILHOGLVQRWFRQWLQXRXVDFURVVWKHZHOGLQWHUIDFHHVSHFLDOO\ZKHQWKHXQLIRUP
PLFURVWUXFWXUHLVIRUPHGDIWHUDORQJHUZHOGLQJWLPH7KHFXUUHQWPRGHOLVXQDEOHWRFDSWXUHWKLVERQGLQJ
SK\VLFV7KHIXWXUHJRDORIWKLVVWXG\LVWRLQWHJUDWHWKLVPRGHOLQWRDPXOWLVFDOHPRGHOWRFDSWXUHWKH
ORFDO FKDQJH RI ZHOG LQWHUIDFH HJ LQWHUORFN IRUPDWLRQ EHWZHHQ WKH OD\HUV DQGPDWHULDO GLIIXVLRQ
DFURVV WKHZHOG LQWHUIDFH ,Q WKDWFDVH WKHJUDLQVWUXFWXUHHYROXWLRQGXH WR'5;DQG WKHVXEVHTXHQW
JUDLQJURZWKZRXOGEHPRUHDFFXUDWH$JDLQWKHDSSOLFDWLRQRIXOWUDVRQLFVRIWHQLQJHIIHFWQHHGVWREH
LPSURYHGLQWKHIXWXUHPRGHODVZHOO$IORZVWUHVVXVHUVXEURXWLQHLVUHTXLUHGWRDSSO\WKHDFRXVWLF
VRIWHQLQJLQWKHZHOG]RQHQRWWKHEXONPDWHULDORIWKHFRXSRQ

 &RQFOXVLRQV
7KH PLFURVWUXFWXUDO HYROXWLRQ PHFKDQLVPV IRU XOWUDVRQLF VSRW ZHOGLQJ ZHUH IRU WKH ILUVW WLPH
K\SRWKHVL]HG DV WKUHH UHJLPHV RI 63' '5; DQG JUDLQ JURZWK DFFRUGLQJ WR WKH PDWHULDO
WKHUPRPHFKDQLFDOORDGLQJFRQGLWLRQV$QRYHOPHWDOORWKHUPRPHFKDQLFDOO\FRXSOHG')(PRGHOZDV
VXFFHVVIXOO\GHYHORSHGIRUXOWUDVRQLFVSRWZHOGLQJWRPRGHOERWKZHOGIRUPDWLRQDQGPLFURVWUXFWXUDO
HYROXWLRQ$FRPELQHGLVRWURSLFNLQHPDWLFKDUGHQLQJIORZVWUHVVPRGHOZLWKDQDFRXVWLFVRIWHQLQJWHUP
ZDVLPSOHPHQWHGWRSUHGLFWWKHPDWHULDOUHVSRQVHXQGHUWKHKLJKIUHTXHQF\XOWUDVRQLFYLEUDWLRQ8VLQJ
DSRVWSURFHVVLQJXVHUURXWLQHDNLQHWLFVPRGHOZDVLPSOHPHQWHGWRSUHGLFWWKHPDWHULDOPLFURVWUXFWXUDO
HYROXWLRQXQGHU'5;DQGJUDLQJURZWK
7KHVLPXODWHGZHOG]RQHJHRPHWU\DJUHHGZHOOZLWKWKHH[SHULPHQWV7KHVLPXODWLRQVGHPRQVWUDWHG
WKDW WKH SURFHVV WHPSHUDWXUH GXULQJ XOWUDVRQLF ZHOGLQJ ZDV KLJKO\ GHSHQGHQW RQ WKH ZHOGLQJ WLPH
GXUDWLRQ)RUZHOGLQJWLPHGXUDWLRQORQJHUWKDQVHFZHOGPDWHULDOXQGHUZHQWWKUHHGLIIHUHQWVWDJHV
RI 63' G\QDPLF UHFU\VWDOOL]DWLRQ DQG JUDLQ JURZWK 7KH ILQDO GLVWULEXWLRQV RI JUDLQ VL]H DQG
FRQVHTXHQWLDOPLFURKDUGQHVVZHUHSUHGLFWHGEDVHGRQWKHWKHUPRPHFKDQLFDOVROXWLRQILHOGVDQGDJUHHG
ZHOOZLWKWKHH[SHULPHQWDOPHDVXUHPHQWV7KHVLPXODWLRQUHVXOWVYDOLGDWHGWKHK\SRWKHVHVSURSRVHGLQ
PLFURVWUXFWXUDOHYROXWLRQGXULQJXOWUDVRQLFZHOGLQJ,QWKHIXWXUHZRUNWKLVQXPHULFDOIUDPHZRUNZLOO
EH DSSOLHG IRU XOWUDVRQLF VSRWZHOGLQJRI GLVVLPLODUPDWHULDOV HJ$O&X WDEV WR VLPXODWH WKHZHOG
IRUPDWLRQDQGFRPSOLFDWHGPLFURVWUXFWXUDOHYROXWLRQ

$FNQRZOHGJPHQW
7KHDXWKRUVJUDWHIXOO\DFNQRZOHGJHWKHILQDQFLDOVXSSRUWE\WKH1DWLRQDO6FLHQFH)RXQGDWLRQXQGHU
*UDQW1XPEHU(36DQG6WDWH.H\/DERUDWRU\RI0HFKDQLFDO6\VWHPDQG9LEUDWLRQ6KDQJKDL
-LDR7RQJ8QLYHUVLW\&KLQDXQGHU*UDQW1XPEHU069
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